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Abstract: A radiative natural SUSY spectrum are proposed in the deflected anomaly
mediation scenario with general messenger-matter interactions. Due to the contributions
from the new interactions, positive slepton masses as well as a large |At| term can naturally
be obtained with either sign of deflection parameter and few messenger species (thus avoid
the possible Landau pole problem). In this scenario, in contrast to the ordinary (radiative)
natural SUSY scenario with under-abundance of dark matter (DM), the DM can be the
mixed bino-higgsino and have the right relic density. The 125 GeV Higgs mass can also be
easily obtained in our scenario. The majority of low EW fine tuning points can be covered
by the XENON-1T direct detection experiments.
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1 Introduction
The standard model (SM) of particle physics has been confirmed by various experiments.
Especially, a 125 GeV SM-like Higgs boson was discovered by both the ATLAS [1] and CMS
collaborations [2] of the Large Hadron Collider (LHC). On the other hand, the SM, as a
successful effective theory, has many theoretical or aesthetical problems which necessitate
various extensions. Low energy supersymmetry (SUSY) is a highly motivated paradigm
for physics beyond the SM. In fact, an interesting observation is that the Higgs mass lies
miraculously in the narrow 115 − 135 GeV window predicted by the minimal SUSY model
(MSSM). In addition, the top quark mass also lies exactly at what is needed to properly
drive the radiative electroweak symmetry breaking (EWSB). Besides, the gauge hierarchy
problem, the successful gauge coupling unification requirement as well as the dark matter
(DM) puzzle can all be solved by SUSY.
The low energy SUSY paradigm is appealing, but so far there is no sign of SUSY
particles after extensive searches at the LHC. In fact, no significant deviations from the SM
have been observed in electroweak precision measurements as well as in flavor physics. The
LHC data has already set stringent constraints [3, 4] on certain CMSSM models: mg˜ & 1.8
TeV for mq˜ ∼ mg˜, and mg˜ & 1.3 TeV for mq˜ ≫ mg˜. Besides, the rather large value of
the Higgs mass at 125 GeV requires TeV-scale highly mixed top squarks, which seems to
contradict to the expectation from naturalness. In order to generate a soft SUSY spectrum
that can be consistent with the LHC discoveries, a proper SUSY breaking mechanism is
needed.
One of the most elegant SUSY breaking mechanisms is the anomaly mediation [5] SUSY
breaking scenario. The ordinary AMSB has many advantages and is very predictive. How-
ever, it has the tachyonic slepton problem [6] and needs an extension. An elegant extension
to tackle the tachyonic slepton problem is the deflected AMSB scenario [7], in which the
messengers are introduced to deflect the Renormalization Group Equation (RGE) trajec-
tory. The tachyonic slepton problem can be solved with such a deflection. On the other
hand, many messenger species are needed to push slepton masses positive for a negative
deflection parameter. A large number of messenger species could cause the Landau pole
below the Planck scale. Besides, a large fine-tuning is needed to generate the 125 GeV
Higgs mass in the ordinary deflected AMSB scenario.
In our previous work [8], we proposed to introduce general messenger-matter interac-
tions in the deflected AMSB scenario. The slepton sector can receive additional contri-
butions from both the messenger-matter interactions and the ordinary deflected anomaly
mediation to avoid tachyonic slepton masses. At the same time, additional contributions to
trilinear coupling At term which typically increase |A˜t|(≡ At−µ cot β|) could be helpful to
give the 125 GeV Higgs and reduce the fine-tuning involved. Besides, even with one mes-
senger we can generate positive slepton masses regardless the sign of deflection parameters
[9]. So the Landau pole problem can be evaded in our new scenario.
Note that with a large At term and the TeV-scale stops as well as a small µ ∼ 100 −
300GeV, the radiative natural SUSY scenario [10, 11] can naturally be realized in the
deflected AMSB with general messenger-matter interactions. The electroweak (EW) fine-
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tuning [12] is small (typically ∆EW < 50), especially when At is large which will decrease
the fine-tuning involved. On the other hand, the DM in ordinary natural SUSY will always
be higgsino-like and results in under-abundance. Although two-component dark matter
(axion and higgsino) can work well [13], it is preferable to change the nature of DM. We
know that the gaugino mass relation in the ordinary AMSB is different from the relation
in gauge mediation and gravity mediation. It will result in wino-higgsino DM and thus the
under-abundance problem persists [14]. With the deflection of AMSB trajectory, the DM
can be the mixed bino-higgsino and could give the right relic density. In this work we focus
on such a realization of the radiative natural SUSY in the deflected AMSB with general
messenger-matter interactions.
This paper is organized as follows. We briefly review the deflected AMSB scenario with
general messenger-matter interactions in Sec. 2. In Sec. 3 we introduce new messenger-
matter interactions to the deflected AMSB and study the soft parameters which can generate
the radiative natural SUSY. Numerical results are presented in Sec. 4. Sec. 5 contains our
conclusions.
2 A review on deflected AMSB with matter-messenger interactions
We briefly review the general results of the deflected AMSB scenario with general matter-
messenger interactions. The relevant details can be found in our previous study [8]. General
messenger-matter interactions in GMSB can be seen in various papers [15–17].
The superpotential in the deflected AMSB scenario includes general messenger-matter
interactions:
W = λφijXQiQj + yijkQiQjQk +W (X) , (2.1)
where the indices ′i, j′ run over all MSSM and messenger fields. Subscripts ′U,D′ will
denote the cases up and below the messenger threshold, respectively. W (X) denotes the
superpotential for pseduo-moduli field X which defines the messenger threshold.
After integrating out the messenger fields, we have the general form for the MSSM
fields only:
L =
∫
d4θQ†aZ
ab
D (
µ√
φ†φ
,
√
X†X
φ†φ
)Qb +
∫
d2θyabcQ
aQbQc , (2.2)
which can give additional contributions to soft SUSY breaking parameters. Here ′φ′ denotes
the compensator field with Weyl weight 1 and ′Z ′D the wavefunction renormalization factor
below the messenger threshold.
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The leading-order contributions to the trilinear terms and scalar terms are
Aabc
yabc
=
∑
i=a,b,c
(
−
1
2
Fφ
∂
∂ lnµ
+
dFφ
2
∂
∂ ln |X˜ |
)
lnZiiD(µ, |X˜ |) , (2.3)
m2ab =
(
−
|Fφ|
2
4
∂2
∂(ln µ)2
−
|FX˜ |
2
4
∂2
∂|X˜ |2
+
|Fφ||FX˜ |
2
∂2
∂ lnµ∂|X˜ |
)
lnZabD (µ, |X˜ |) ,
=
[
−
|Fφ|
2
4
∂2
∂(ln µ)2
−
d2|Fφ|
2
4
∂2
∂ ln |X˜ |2
+
d|Fφ|
2
2
∂2
∂ lnµ∂ ln |X˜|
]
lnZabD (µ, |X˜ |) ,(2.4)
where the last term is the unique feature of this deflected AMSB scenario which involves
the interference between the pure anomaly and gauge mediation type contributions.
Following the conventions in [16], the derivative of the wavefunction with respect to
t = lnµ are given as
dZij
dt
≡ Gij [Z(lnµ);λ(ln µ); g(ln µ)] ,
= −
1
8pi2
(
1
2
dkli λ
∗
iklZ
−1 ∗
km Z
−1 ∗
ln λjmn − 2c
i
rZijg
2
r
)
, (2.5)
we can obtain the expression for the first derivative of wavefunction with respect to ′X ′ [15]
at the messenger scale µ = |X|
∂ZabD (lnµ, |X|)
∂X
=
1
2X
∆Gab , (2.6)
with ∆(· · · ) denoting the discontinuity of its followed expression, and dkli being the standard
multiplicity factor in the one-loop anomalous dimensions.
The interference terms between the anomaly mediation and gauge mediation are
∂2
∂ lnµ∂ ln |X˜ |
ZaD(µ, |X˜ |) =
∂
∂ ln |X˜|
Ga[ZD(lnµ, X˜);λ(ln µ, X˜); g(ln µ, X˜)] ,
=
(
∆(βλ)
∂
∂λ
+∆(βg)
∂
∂g
+
∂ZaD
∂ ln X˜
∂
∂ZaD
)
Ga[Z
a
D(lnµ);λ(ln µ); g(ln µ)] . (2.7)
So we arrive at the final results for the trilinear and scalar soft masses with a general
messenger sector at the messenger scale [8]:
Aa = −
1
2
GDaaFφ −
1
32pi2
dija ∆(|λaij |
2)dFφ , (2.8)
m2 = m2AMSB +m
2
gauge +m
2
inter , (2.9)
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with
m2AMSB =
[
−
|Fφ|
2
4
(
∂γa
∂gi
β(gi) +
∂γa
∂yi
β(yi)
)]
, (2.10)
(m2ab)inter =
dF 2φ
2
{
−
1
8pi2
[
dkla λ
∗
aklλbmn(
∆GDkm
2
+
∆GDln
2
) + 2cirg
2
r
∆GDab
2
]
+
1
8pi2
4ckr
1
16pi2
g4k∆(bk)−GD
∆GD
2
}
, (2.11)
and the gauge mediation type contributions similar to [16]:
(m2ab)gauge =
d2F 2φ
4
1
256pi4
[
1
2
dika d
lm
i
(
∆(λ∗aikλbjk)(λilmλ
∗
jlm)
U
)
− (λ∗aikλbjk)
D∆(λilmλ
∗
jlm)
+
1
4
dija d
kl
b ∆(λ
∗
aijλcij)∆(λ
∗
cklλbkl)− d
ij
a C
aij
r g
2
r∆(λ
∗
aijλbij)
]
. (2.12)
3 Deflected AMSB with new messenger-matter interactions
The characteristic feature of the radiative natural SUSY with respect to the ordinary natural
SUSY is the large |At| term. In order to obtain the relatively large trilinear terms, we include
new messenger-matter interactions in the deflected AMSB scenario. The messengers are
introduced in pairs of (5, 5¯) representations of SU(5). So the messengers obviously have the
following decomposition in terms of the SM SU(3)c × SU(2)L × U(1)Y quantum number:
5a = Na(1, 2)1/2 ⊕Ma(3, 1)−1/3 ,
5¯a = Na(1, 2¯)−1/2 ⊕Ma(3¯, 1)1/3 , (3.1)
with ′a′ denoting the NF messenger species.
We introduce the following superpotential that involves the messenger-MSSM interac-
tion
WU ⊃ XNaNa +XMaMa +W (X)
+
∑
i
[
λDaiQ
i
L(D
c
R)iNa + λ
L
aiLi(E
c
L)iNa + λ
U
aiQ
i
L(U
c
R)iNa
]
,
with the typical form of superpotential W (X) for pseduo-moduli field X to determine the
deflection parameter d in combination with Fφ. Here the superscript
′i′ denotes the family
indices.
From the general expressions of soft parameters in Sec. 2, we can obtain the soft
SUSY breaking parameters for sfermions and trilinear couplings at the messenger scale.
We keep the leading terms involving only yt, g3, λL,i, λU,i, λD,i. Subleading terms like
g41,2, y
2
b,τλ
2
L,U,D;ia are not kept in the following expressions. For simplicity, we set family and
messenger species universal couplings λL,ai = λL;λU,ai = λU ;λD,ai = λD for messenger-
matter interactions. Besides, we only give explicitly the soft terms for the third generation
squarks. The first two generation squarks can be obtained by removing the y2t terms in
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the relevant expressions. The soft SUSY mass terms for the three generations of sleptons
have the same form. The values of µ and Bµ are model-dependent and we leave them as
free parameters because we do not give an explicit mechanism in our scenario. They are
determined by successful EWSB conditions.
The gaugino masses are given by
Mi = −
αi
4pi
(bi +NFd) , (3.2)
with the beta function (b1, b2, b3) = (33/5, 1,−3) and the standard normalization for g1
coupling g21 = 5g
2
Y /3.
The trilinear couplings are calculated to be
At =
Fφ
16pi2
[
6y2t − (3λ
2
U + λ
2
D)d−
16
3
g23
]
,
Ab =
Fφ
16pi2
[
y2t − (λ
2
U + 3λ
2
D)d−
16
3
g23
]
,
Aτ =
Fφ
16pi2
(
−3λ2Ld
)
. (3.3)
The soft parameters are
m2
F 2φ
=
d
2
δm +
d2
4
(δG + δ3) +
1
4
δA, (3.4)
with the relevant tedious expressions given in the appendix.
We have the following discussions:
(i) In our scenario, the notorious tachyonic slepton problem which appears in the ordi-
nary AMSB can be naturally solved. Besides, the slepton masses receive (dominant)
positive contributions from matter-messenger interactions regardless of the sign of the
deflection parameter d.
(ii) In our scenario, even one messenger specie can work well to give positive slepton
masses regardless of the sign of deflection parameter d. So the possible Landau pole
problem below the Planck scale will naturally be evaded in our scenario.
(iii) The At value can be either positive or negative, depending on the sign of d. Large
λU,D can lead to a large value of |At| which can naturally give a large Higgs mass
with a less fine-tuning.
(iv) There is some parameter space for light soft stop masses. So the radiative natural
SUSY spectrum can be realized in our scenario. We will discuss such a realization in
next section.
– 6 –
4 Radiative natural SUSY spectrum and numerical analysis
The 125 GeV Higgs has already set some constraints on the low energy SUSY spectrum.
Obviously from the formula
m2h ≃ m
2
Z cos
2 2β +
3m4t
4pi2v2
[
log
M2SUSY
m2t
+
A˜2t
M2SUSY
(
1−
A˜2t
12M2SUSY
)]
, (4.1)
with
A˜t = At − µ cot β, M
2
SUSY = mt˜1mt˜2 ,
we need either MSUSY/mt ≫ 1 or MSUSY/mt > 1 with A˜t/MSUSY > 1. The stop masses
must be larger than 10 TeV in case of no stop mixing, and hence a large fine tuning is
needed. Obviously, a large A˜t is preferable for low energy SUSY.
The models of natural SUSY [10] try to retain the naturalness of weak scale SUSY by
proposing a spectrum of light higgsinos |µ| ∼ 100 − 300 GeV and light t˜1,2, b˜1 along with
very heavy masses of other squarks and TeV-scale gluinos. The gluino mass can affect the
stop masses via RGE evolution. So, a low EW fine-tuning requires that the gluino mass
can not be too heavy. On the other hand, it is also bounded from below to be mg˜ & 1.3
TeV by the LHC searches within the context of SUSY models like mSUGRA/CMSSM.
The first two generation sfermions can be allowed to lie in the 5-20 TeV range without
introducing unnaturalness. Heavier first two generation squarks can ameliorates the SUSY
flavour, CP, gravitino and proton-decay problems due to decoupling. Such models have a
low electroweak fine-tuning and satisfy the LHC constraints.
However, the relatively heavy (125 GeV) Higgs mass has some tension with the ordinary
natural SUSY scenario and indicates that natural SUSY may take the form of radiative
natural SUSY [11] which requires a large At term. In fact, a large |At| value can suppress
the top squark contributions to Σuu and at the same time lift up the Higgs mass. Such a
large |At| can easily be obtained in our scenario. We can see from Eq.(3.3) that a large |At|
will appear in case of a large λ and either sign of deflection parameter d.
In the ordinary radiative natural SUSY scenario with universal gaugino mass at the
GUT scale, the lightest sparticle (LSP) is always the higgsino which can not fully account
for the DM relic abundance. The gaugino relation at the EW scale can naturally be evaded
in the deflected AMSB scenario and thus the DM can be the mixed bino-higgsino or wino-
higgsino (or pure bino, pure wino). We know that in the ordinary AMSB, the gaugino mass
ratio at the EW scale is
M1 :M2 :M3 ≈ 3.29 : 1 : −9.6.
This can lead to the mixed higgsino-wino dark matter for gluino at about 2 TeV. As noted
in [14], the under-abundance problem of DM persists. In general, in order to get the mixed
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higgsino-electroweakino DM, we need the gaugino mass ratio to satisfy
M3 : min(M1,M2) & 5,
with gluino mass heavier than 1.5 TeV. The mixed bino-higgsino DM can give the full DM
abundance. This prefer a negative deflection parameter with NF d . −3.
In our scenario, the soft terms are characterized by the following free parameters
NF , d, µ,Mmess, Fφ, tan β, λU , λD, λL. (4.2)
We scan the parameter space with the following messenger scale(Mmess) inputs:
• The µ parameter is chosen to lie between |µ| ∼ 100−300 GeV to keep EW naturalness.
• The scale of Fφ determines the whole SUSY spectrum. The gaugino masses, the
EWSB condition as well the Higgs mass constrain the value of Fφ to be in the range
10TeV < Fφ < 500TeV.
• The messenger scale Mmess can be chosen to lie between the GUT scale and the
typical sparticle scale: 10TeV < Mmess < 10
16GeV.
• The value of tan β is chosen to be 40 ≥ tan β ≥ 2. The messenger species NF should
lie in the range 1 ≤ NF ≤ 3 to avoid the possible Landau pole while the deflection
parameter d is chosen to satisfy NF ·d . −3 to fully account for the DM relic density.
• For simplicity, we set λU = λD = λ. We set the range of the messenger-matter
interactions: 0.5 . λ, λL . 3 to justify our keeping of the leading contributions in
previous calculations and at the same time avoid the possible Landau pole.
In our scan we take into account the following collider and dark matter constraints:
(1) Successful radiative EWSB condition.
(2) The stop and sbottom masses can be relatively heavy in the radiative natural SUSY
scenario in contrast to the upper bound of 1.5 TeV in ordinary natural SUSY (with
less than 10% EW fine tuning ). We require that the stop masses to satisfy mt˜1,2 . 4
TeV which corresponds to to an upper bound for the EW fine-tuning ∆EW . 50.
A large |At| will always decrease the fine-tuning involved. Due to the gluino loop
contribution to the stop masses, the gluino is bounded to be below 12 TeV.
(3) The lower bounds on neutralino and chargino masses from LEP, including the invisible
decay of Z-boson. The most stringent constraints of LEP come from the chargino
mass and the invisible Z-boson decay. We require mχ˜± > 103.5GeV and the invisible
decay width Γ(Z → χ˜0χ˜0) < 1.71 MeV, which is consistent with the 2σ precision EW
measurement Γnon−SMinv < 2.0 MeV.
(4) The combined mass range for the Higgs boson: 123GeV < Mh < 127GeV from
ATLAS and CMS data [1, 2].
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(5) The relic density of the neutralino dark matter satisfies the Planck result ΩDM =
0.1199±0.0027 [18] (in combination with the WMAP data [19]) with a 10% theoretical
uncertainty).
(6) The dark matter in our scenario can be the mixed bino-higgsino. In this case, the
direct detection experiments can possibly set stringent constraints on dark matter.
We survey the spin-independent (SI) direct detection bounds from LUX [20], Xeon1T
[21] and the future LUX-ZEPLIN 7.2 Ton [22] experiment.
Figure 1. The scatter plots of the parameter space in our scenario, showing the dark matter relic
density versus the Higgs mass in the left panel and the spin-independent DM-nucleon scattering
cross section versus the LSP mass in the right panel. All the points can survive the collider and
dark matter constraints (1-6). The EW fine tuning (∆EW ) for the sample points are also shown.
The numerical results with the corresponding EW fine-tuning are shown in Fig 1. It
should be noted that[24] conventional measures, include BG measure[23], tend to overesti-
mate EWFT in supersymmetric models, often by several orders of magnitude. Accord to
the Fine-tuning Rule proposed in [25], both Higgs mass and the traditional ∆BG fine-tuning
measures reduce to the model-independent EW fine-tuning measure ∆EW .
From the figure, we have the following observations:
• Both the 125 GeV Higgs mass and the correct DM relic density can be obtained in
our scenario. We can see that there is a large parameter space which can give the
correct relic abundance of DM. This is the consequence of the mixed bino-higgsino
DM nature in our scenario. The deflection of AMSB trajectory is crucial for a light
bino to be the lightest gaugino (with M1 . µ) that can be compatible with the LHC
constraints on gluino massmg˜ & 1.3TeV. Without the deflection, the lightest gaugino
would be heavy and at the same time wino-like. Such a relation would predict either
higgsino or mixed wino-higgsino DM, both of which would lead to under-abundance
of DM.
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• Our scenario can also give the observed 125 GeV Higgs mass. This is the consequence
of a relatively large At term. Besides, the EW fine-tuning needed for the 125 GeV
Higgs mass can be as low as ∆EW . 50. Larger higgs mass will slight increase the
EW fine tuning involved.
• We also survey the spin-independent (SI) direct detection bounds from DM-nucleon
scattering experiments. It is well known that the SI interaction of the neutralino
DM with quarks inside the nucleus occurs via the s-channel squark exchange and
t-channel Higgs exchange processes. As squarks are bounded by the LHC data to be
considerably heavy, the Higgs exchange diagrams would dominantly contribute to the
spin-independent χ− p scattering cross section. The Higgs-χ-χ coupling is driven by
bino-higgsino and wino-higgsino mixing. Unlike the case for a pure gaugino or a pure
higgsino DM in which the associated SI cross-section would become quite small, the SI
cross section could be large when DM is the mixed bino-higgsino. However, the DM
can evade the SI direct detection experiments if the mixing is small. In our numerical
study, we find that the most interesting points with low EW fine tuning(namely the
points that can account for the 125 GeV Higgs mass with ∆EW < 100) have typically
a cross section below 10−9pb. The majority of such points will be covered by XENON-
1T. On the other hand, there are still small regions with low EW fine tuning that
can survive the XENON-1T and LUX-ZEPLIN 7.2 Ton sensitivity. Such points may
indicates that the corresponding mixing of bino-higgsino is not large.
5 Conclusions
In this work a radiative natural SUSY spectrum were proposed in deflected anomaly medi-
ation scenario with general messenger-matter interactions. Due to the contributions from
new interactions, positive slepton masses as well as a large |At| term can naturally be ob-
tained with either sign of deflection parameter and few messenger species (thus avoid the
possible Landau pole problem). In this scenario, in contrast to the ordinary radiative nat-
ural SUSY scenario with under-abundance of DM, the DM can be the mixed bino-higgsino
and give the right relic density. The 125 GeV Higgs mass can also be easily obtained in our
scenario. The majority of low EW fine tuning points can be covered by the XENON-1T
direct detection experiments.
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A Scalar soft SUSY breaking mass terms
The expression for the scalar soft parameters are derived from the general forms in [8] and
given by
m2
F 2φ
=
d
2
δm +
d2
4
(δG + δ3) +
1
4
δA, (A.1)
with each type of contributions given below. The relevant expressions are
• Cross term (anomaly-gauge mediation) contributions:
The anomaly-gauge mixed mediation part given by
δm =
∂2
∂µ∂ ln |X|
lnZDab ,
= (
∆GDa
2
∂
∂ZDa
+∆βgr
∂
∂gr
)G− −GDa
∆Ga
2
. (A.2)
Cross the messenger threshold, the change of the beta function for gi is given by
∆βgi =
1
16pi2
NF g
3
i (A.3)
and the discontinuity of Ga is
∆GL
2
= −
1
8pi2
λ2L ,
∆GEc
L
2
= −
1
8pi2
2λ2L ,
∆GQL
2
= −
1
8pi2
(λ2D + λ
2
U ) ,
∆GUc
L
2
= −
1
8pi2
(2λ2U ) ,
∆GDc
L
2
= −
1
8pi2
(2λ2D) . (A.4)
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After some manipulations, we can obtain
δmQ =
1
8pi2
[
y2t
∆Gyt
2
+ y2b
∆Gyb
2
]
+∆βgr
∂
∂gr
GDQ ,
≈ −
1
8pi2
[
2y2t
1
16pi2
(
3λ2U + λ
2
D
)
− 2
8
3
1
16pi2
NF g
4
3
]
,
δmU = −
1
8pi2
[
4y2t
1
16pi2
(
3λ2U + λ
2
D
)
− 2
8
3
1
16pi2
NF g
4
3
]
,
δmD = −
1
8pi2
[
−2
8
3
1
16pi2
NF g
4
3
]
,
δmL = δ
m
E = δ
m
HD
= 0 ,
δmHU = −
1
8pi2
[
6y2t
1
16pi2
(
3λ2U + λ
2
D
)]
, (A.5)
Expressions for the first two generation squarks can be obtained by simply removing
the y2t terms.
• Gauge mediation-type contributions:
The gauge mediation part given by
δG + δ3 = −
∂2
∂ ln |X|2
lnZ = −
∂2
∂ ln |X|2
Z + |
∂Z
∂ ln |X|
|2 . (A.6)
The sums of the discontinuity are
∑
∆
(
∂GQ
∂Za
)
Ga =
1
8pi2
[
λ2U (GλU −GQ) + λ
2
D(GλD −GQ)
]
,
∑
∆
(
∂GU
∂Za
)
Ga =
1
8pi2
[
2λ2U (GλU −GU )
]
,
∑
∆
(
∂GD
∂Za
)
Ga =
1
8pi2
[
2λ2D(GλD −GD)
]
,
∑
∆
(
∂GL
∂Za
)
Ga =
1
8pi2
[
λ2L(GλL −GL)
]
,
∑
∆
(
∂GE
∂Za
)
Ga =
1
8pi2
[
λ2U (GλL −GE)
]
, (A.7)
with GUλU = G
U
Q +G
U
U +G
U
Xu
and GUλD = G
U
Q +G
U
D +G
U
Xd
the anomalous dimension
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for λU and λD above the threshold. So we can obtain
δGQ =
1
8pi2
[
y2t
∆Gyt
2
− λ2UG
TU
λU
− λ2DG
TU
λD
]
,
δGU =
1
8pi2
[
2y2t
∆Gyt
2
− 2λ2UG
TU
λU
]
,
δGD =
1
8pi2
[
−2λ2DG
TU
λD
]
,
δGL =
1
8pi2
[
−λ2LG
TU
λL
]
,
δGE =
1
8pi2
[
−2λ2LG
TU
λL
]
,
δGHD = 0 ,
δGHU =
1
8pi2
[
3y2t
∆Gyt
2
− 3λ2UG
TU
λU
]
, (A.8)
The index TU denotes the value upon the messenger threshold. We list their expres-
sions:
∆Gyt
2
= −
1
8pi2
(
3λ2U + λ
2
D
)
,
∆Gyb
2
= −
1
8pi2
(
λ2U + 3λ
2
D
)
,
GTUλU = −
1
8pi2
(
6λ2U + λ
2
D + 3y
2
t −
16
3
g23
)
,
GTUλD = −
1
8pi2
(
6λ2D + λ
2
U + λ
2
L + y
2
t −
16
3
g23
)
,
GTUλL = −
1
8pi2
(
4λ2L + 3λ
2
D
)
. (A.9)
There are other terms from ordinary GMSB part with
δ3 = ∆βgr
(
∂
∂gr
GTD
)
=
1
8pi2
2cr2gr
NF
16pi2
g3r . (A.10)
Note that the change of the beta function is ∆βg = NF .
δ3Q = δ
3
U = δ
3
D =
NF
(8pi2)2
[
8
3
g43
]
,
δ3L = δ
3
E = δ
3
HD
= δ3HU ≈ 0. (A.11)
In the previous expressions, we keep the terms involving only g3.
• Pure anomaly contributions:
δA = −
∂2
∂ ln |X|2
lnZ = −
∂2
∂ ln |X|2
Z + |
∂Z
∂ ln |X|
|2 . (A.12)
– 13 –
So we obtain
δAQ = −
1
8pi2
[
y2tGyt + y
2
bGyb
]
−
1
4pi2
[
1
30
b1α
2
1 +
3
2
b2α
2
2 +
8
3
b3α
2
3
]
,
≈
1
(8pi2)2
[
y2t
(
6y2t −
16
3
g23
)]
−
1
4pi2
8
3
b3α
2
3 ,
δAU = −
1
8pi2
[
2y2tGyt
]
−
1
4pi2
[
8
15
b1α
2
1 +
8
3
b3α
2
3
]
,
≈
1
(8pi2)2
[
2y2t
(
6y2t −
16
3
g23
)]
−
1
4pi2
8
3
b3α
2
3 ,
δAD ≈ −
1
4pi2
8
3
b3α
2
3 ,
δAHu =
1
(8pi2)2
3y2t
(
6y2t −
16
3
g23
)
,
δAL = δ
A
E = δ
A
Hd
≈ 0 . (A.13)
References
[1] G. Aad et al.(ATLAS Collaboration), Phys. Lett. B710, 49 (2012).
[2] S. Chatrachyan et al.(CMS Collaboration), Phys. Lett. B710, 26 (2012).
[3] G. Aad et al. (ATLAS collaboration), Phys. Lett. B710, 67 (2012); Phys. Rev. D 87 (2013)
012008.
[4] S. Chatrchyan et al. (CMS collaboration), Phys. Rev. Lett. 107 (2011) 221804.
[5] L. Randall and R. Sundrum, Nucl. Phys. B 557, 79 (1999); G. F. Giudice, M. A. Luty,
H. Murayama and R. Rattazzi, JHEP 9812, 027 (1998).
[6] I. Jack and D. R. T. Jones, Phys. Lett. B 482, 167 (2000); E. Katz, Y. Shadmi and Y.
Shirman, JHEP 9908, 015 (1999); N. ArkaniHamed, D. E. Kaplan, H. Murayama and Y.
Nomura, JHEP 0102, 041 (2001); R. Sundrum, Phys. Rev. D 71, 085003 (2005); K. Hsieh
and M. A. Luty, JHEP 0706, 062 (2007); Y. Cai and M. A. Luty, JHEP 1012, 037 (2010); T.
Kobayashi, Y. Nakai and M. Sakai, JHEP 1106, 039 (2011).
[7] A. Pomarol and R. Rattazzi, JHEP 9905, 013 (1999); R. Rattazzi, A. Strumia, James D.
Wells, Nucl. Phys. B576, 3(2000).
[8] F. Wang, Phys. Lett. B751, 402 (2015).
[9] N. Okada, Phys. Rev. D65 (2002) 115009; N. Okada, H. M. Tran, Phys. Rev. D87 (2013)
035024; F. Wang, W. Wang, J. M. Yang, Y. Zhang, JHEP 1507, 138 (2015)
[arXiv:1505.02785 [hep-ph]].
[10] R. Kitano and Y. Nomura, Phys. Lett. B631, 58 (2005); Phys. Rev. D73, 095004 (2006);
H. Baer, V. Barger, P. Huang and X. Tata, JHEP 1205 (2012) 109; J. Cao et al., JHEP
1211, 039 (2012) [arXiv:1206.3865 [hep-ph]].
[11] H. Baer, V. Barger, P. Huang, A. Mustafayev, X. Tata, Phys. Rev. Lett. 109 (2012) 161802.
[12] A. Mustafayev, X. Tata, arXiv:1404.1386;
– 14 –
K. J. Bae, H. Baer, N. Nagata, H. Serce, Phys. Rev. D 92, 035006 (2015); X. Tata,
arXiv:1506.07151.
[13] H. Baer, arXiv:1310.1859; K. J. Bae, H. Baer, H. Serce, Y. Zhang, JCAP1601, 012 (2016); K.
J. Bae, H. Baer, H. Serce, Phys. Rev. D 91, 015003 (2015); K. J. Bae, H. Baer, A. Lessa, H.
Serce, Front. Phys. 3 (2015) 49; H. Baer, arXiv:1510.07501.
[14] H. Baer, V. Barger, P. Huang, D. Mickelson, M. Padeffke-Kirkland, X. Tata, Phys. Rev. D
91, 075005 (2015).
[15] Z. Chacko and E. Ponton, Phys. Rev. D66 (2002) 095004.
[16] J. A. Evans, D. Shih, JHEP1308(2013)093.
[17] A. Albaid and K. S. Babu, Phys. Rev. D 88, 055007(2013); N. Craig, S. Knapen, D. Shih, Y.
Zhao, JHEP1303(2013)154; Z. Kang, T. Li, T. Liu, C. Tong, J. M. Yang, Phys. Rev. D 86,
095020 (2012) [arXiv:1203.2336 [hep-ph]]; P. Byakti, T. S. Ray, JHEP1305 (2013) 055; W.
Fischler, W. Tangarife, JHEP1405 (2014) 151; R. Ding, T. Li, F. Staub, B. Zhu, JHEP 1403
(2014) 130.
[18] Planck collaboration, Ade et al., Astron. Astrophys. 571 (2014) A16 [arXiv:1303.5076].
[19] WMAP collaboration, J. Dunkley et al., Astrophys. J. Suppl. 180 (2009) 306
[arXiv:0803.0586].
[20] LUX collaboration, D.S. Akerib et al., Phys. Rev. Lett. 112 (2014) 091303 [arXiv:1310.8214].
[21] XENON100 collaboration, E. Aprile et al., Phys. Rev. Lett. 109 (2012) 181301
[arXiv:1207.5988].
[22] LUX-Zeplin collaboration, http://lz.lbl.gov/detector/.
[23] R. Barbieri and G. Giudice, Nucl. Phys. B 306 (1988) 63.
[24] H. Baer, V. Barger and D. Mickelson, Phys. Rev. D 88 (2013) 095013.
[25] H. Baer, V. Barger, D. Mickelson, M. Padeffke-Kirkland, Phys. Rev. D 89, 115019 (2014).
– 15 –
